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i PREFACE

this report and its accompanying computer program were developed under
f Gontract DAAJO2-72-C-0098 awarded in Junc 1972 by the Eustis Directorate
i ot the U.S. Army Alr Mobility Research and Development Laboratory
(USAAMRDL) ., 1In addition to the work performed under this contract, the
report and computer program include the documentation and program features
i developed under USAAMRDL Contracts DAAJO02-70-C-0063 and DAAJO2-73-C-0086.
i The contractor and USAAMRDL have agreed that the computer program docu-
mented herein is the new master version of the program. Hence, this
report supersedes all previous versions of the C8l program and documenta-
tion.

Fechnical program divection was provided by Mr. E. E. Austin of USAAMRDL.
] Principal Bell Helicopter personnel associated with the current contract
3 were Messrs. Bo L. Blankenship, J. M. Davis, P. Y. Hsieh, and Dr. B. T.
i Waak., In addition, Dr. R. L., Bennett and Mr. B. J, Bird asslisted in

coordinating the work and doecumentation prepared under the two previous

contractls noted above with that prepared under this contract.
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1. INTRODUCTION
1.1 BACKGROUND

In the carly 1960's Bell Helicopter Campany began development of a rotor-
craft flight simulation program for digital computers, The original pro-
gram was ldentificd as C81l. This identiflcation has since become the family
name for many different versions developed over the years, To minlmize con-
fusion as to which version of the program ls being used or rer-renced, the
more recenl versions of the C81 program have been ftdentifled by four letters
and thce year in which they became production programs;i .., AGAJ/ ' was
developed in 1971, AGAI72 in 1972, This report documents the current
version of C81, ACAJ73,

The carly history and basic analysis of €81 are given In Reference 1, The
simulation for that study included a rigid body fusclage In three dimensions,
coupled with two rotors, for a total of cleven degrees of freedow, The
eleven degrees of freedom werce:

Six rigic body (total rotorcraft)

Fore-and=-aft and lateral ilapping for twe rotors

Rotor-engine torsional system

A variety of mancuvers were simulated by modeling control motions and
external disturbances such as gusts, The program used a quasi-static rotor
analysis, Aeroclastic feedback was represented by iteration through a
rotor blade dynamic analysis,

The stop=-fold rotor simulation study reported in Reference 2 delineates
later additions to the program. The resulting computer program (ASAJO1)
contained an uncoupled stabillty analysis which used the trim solutions
and partial derivative computations available in the earlier version. Pro- 3
visions were made to compute stability roots during maneuvers as well as at
the trim point, The rotor mathematical model was modified to include the
stop-fold rotor concepts. Both the tilt-forward-trail-aft and horizontal-
stop-fold configurations were included, The rotor analysis in ASAJOl was
time-variant, but did not contain aeroelastic effects.

The next major expansion of the mathematical model was performed under
Contract DAAJ02-70-C-0063 awarded by the Eustis Directorate of the U. S.
Army Air Mobility Research and Development Laboratory (USAAMRDL). This
AGAJ7!l version of the program included the addition of a time-variant-
aeroelastic rotor analysis (TVAR), rotor pylon degrees of freedom, uns teady
rotor aerodynamic conslderations, and a generalized automatic control
stability package. The TVAR allowed calculation of time histories of the

deflection, shear bending moment, and aerodynamic loading along each indi- A
vidual blade. In combination with the TVAR, the pylon degree of freedom i
model calculated the linear and angular displacements of each rotor hub. ;

1"1 vi
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The unsteady acrodynamic package computed increments to the lift, drag,

and pitching moment aecrodynamic coefficients in both stalled and uns slled
{ flow as functions of blade bending and pitching velocities and accelera-
tions. The automatic control stability package consisted of a Stablility
L and Control Augmentation System (SCAS), an Automatic Pilot Simulator (APS),

and an expanded stability analysis subroutine. Subsequently, under USAAMRDL
Contract DAAJO2-71-C~0045, a second mathematical model for unsteady rotor
n acrodynamics was developed and incorporated in the trim portion of AGAJ71.

b Two undocumented versions of the AGAJ72 program werc delivered to the
Eustis Directorate of USAAMRDL, The first AGAJ72 version included many
minor refinements to the AGAJ71 version, while the second, developed under
Contract DAAJO2-72-C-0086, included two major additions: an alternate trim
procedure and expanded data printout. These two features were primarily
incorporated to increase the versatility of the program in simulating wind
tunnel tests, The alternate trim procedure provided for locking the rotor
flapping angles at their Input values and then iterating on control posi-
tions to trim the rotor. The additional printout, referred to as the

E optional trim page, provided data in a form that was most useful when

‘ correlating with wind tunnel data (e.g., dimensional and nondimensional
force and moment data, a summary of rotor paramcters, and test conditions).

r—

1 Under the most recent USAAMRDL Contract (DAAJ0O2-72-C-0098), improvements
i to all aerodynamic representation in the program were developed. Specif-

/ ically, the following aerodynamic-related modifications and additions were
E‘ made to the program:

(1) A more accurate and complete representation of fusclage aero-
dynamic forces and moments,

(2) A single generalized representation for up to five aerodynamic :
surfaces with control surfaces (one wing and four stabilizing ﬂ
surfaces).

(3) The capability of representing external stores and/or acrodynamic
brakes.

(4) The capablility of representing up to {ive different airfolls along k
the span of the rotor blades. |

|

(5) The capability of representing the induced velocity distribution )

across the rotor disc as a Fourler series that is a function of
advance ratlo, inflow ratio, blade station, and blade azimuth.

S

(6) The capability of representing Lhe rotor wake at cach acrodynamic i
surface as a Fourler serles that Is o lunction of rotor advance
ratlo, inflow ratio, and blade azimuth,
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In addition to the above six tasks, the following features were also
F incorporated:

(7) An alternate method for numerically integrating the rotorcraft
equations of motion in maneuvers.

e pLtode e

(8) The unsteady aerodynamic model developed under Contract
DAAJ02-71-C-0045 modified to work in maneuver as well as trim.

) e Sk anm AN

(9) The alternate trim procedure and expanded output developed under
Contract DAAJ02-72-C-0086.

oy

; In the process of incorporating these eight features, the input format to
; the program was significantly revised to make the increased versatility

. of the program easier to use. The benefits of the current aerodynamic
representations are discussed below,

1.2 DISCUSSION OF RECENT ADDITIONS

The current mathematical model for the fuselage aerodynamic forces and mom-
ents provides very accurate simulation of wind tunnel data, when it is
available, but is easily adaptable to analytical estimates of such data when
test results are not available. Tt also makes possible simulation of forces
and moments at all possible aerodynamic angles, i.e., pitch between * 90
degrees and yaw between %180 degrees, with a single set of inputs to the
program. The representation consists of three models: one for the rela-
tively low angles where the vast majority of flight takes place; a second
for the very high angles encountered in such tasks as rearward, sideward,
and vertical flight; and a third to provide a smooth transition between

the other two models.

The current representation of aerodynamic surfaces provides for simulation
of up to four generalized stabilizing surfaces and a wing as compared to two
stabilizing surfaces and a wing in previous versions of the program. The
restriction that the stabilizing surfaces must lie in a horizontal or verti-
cal plane of the body was removed, thereby allowing simulation of canted
fins, V-tails, horizontal stabilizers with dihedral or anhedral, etc. The
current model simulates the change in 1lift, drag, and pitching moment of
each surface with control surface deflection and the effects of the fuselage
on the flow field at each surface. 1In addition, either equations or data
tables can be used to compute the aecodynamic coefficients,

The capability of simulating external stores and/or aerodynamic brakes has
been added to the current version of C8l. The input group consists of four
identical subgroups, each of which may represent either a store or a brake
independently of the other subgroups. This model includes a representation
of aerodynamic forces on the store or brake which is similar to the model
for the fuselage. When running a maneuver, it 1s possible to selectively
jettison stores and deploy brakes. 1In the case of store jettison, the air- "
craft gross weight, center of gravity and inertias are recalculated at the b
instant of release.

1-3
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Previously, 81 required that each rotor be sirulated with a single airfoil
section from root to tip. It is now possible to input to the program the
lift, drag, and pitching moment characteristics of up to five airfoil sec-
tions and assign any section to any of the twenty segments of the blades of
either rotor. The user has the option of simulating each airfoil section
with a set of closed-form equations or with data tables,

In earlier versions of C8l, the induced velocity distribution over the

rotor disc was defined by an equation which included only a first harmonic

variation with blade azimuth angle and had all but one of its coefficients

defined within the program. The single coefficient which the user could
input only affected the distribution on the outboard 30 percent of the
blade at predetermined azimuth angles. The Program now includes the option
of defining the distribution for each rotor with a data table. Each table
contains the coefficients of Fourier-series curve-fit of a distribution
generated external to C81. With such tables, the effects of inflow ratio
and higher harmonic variations on the distribution,

which were ignored in
the built-in equation, can be included.

magnitude is equal to a factor times the average induced velocity across
the rotor disk. 1In Previous versions of the program, this factor was
input as either a constant or a linear function of airspeed. 1In AGAJ73,
an option has teen added to input tables from which the factor can bhe
computed as a function of advance ratio, inflow ratio, and rotor blade
azimuth location. These tables are similar to the roto
distribution tables in that they contain the coefficients of a Fourier-
series curve-fit of wake data generated external to C8l. Each table con-
tains the data for the effect of a part cular rolor on a particular surface.

r induced velocity

Several internal changes made to C81 caused the unsteady aerodynamic model
developed under Contract DAAJO02-71-C-0045 to become incompatible with the
current version of the program. Also, this model could be used only during
time-variant trims, not in maneuver. Hence, the model was updated and
modified to function in both time-variant trims and maneuvers.

In addition to these changes to the aerodynamic representations in the
program, Hamming's predictor-corrector method of numerical integration was
installed as an option to the four-cycle Runge-Kutta method previously used,
In all, ten methods of numerical integration, including Hamming's and Runge-
Kutta, were evaluated in the study which led to the incorporation of
Hamming's method. At present, Hamming's method is strictly a programmer
rather than a user option in AGAJ73. The detailed reasons for this course
of action are discussed in Section II of this volume. Tt is sufficient to
say here that the method did not prrform as well within the ¢81 structure

in terms of run time as the study had indicated it would. However, the
method does not take significantly more time than the Runge-Kutta method

1-4
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Incorporation of the features daveloped under Contract DAAJ02-72-C-0086
% provides the AGAJ73 user with all the features and options which are
currently being maintained in the master version of C81,

1.3 DOCUMENTATION CONSIDERATIONS AND ORGANIZATION e

4 This report has been prepared under Contract DAAJ02-72-C-0098 awarded by
" the Eustis Directorate of USAAMRDL. However, it also includes documenta-
o tion prepared under Contract DAAJ02-70-C-0063 and, as noted previously,

3 the features developed under Contracts DAAJ02-70-C-0063, DAAJ02-71-C-0045,
and DAAJ02-72-C-0086. The intent of combining the work performed under
these four contracts is to provide the user of C81 with a single document
to explain the background, development, and current operation of the
master version of the computer program.

This volume of the report, Volume I, has been prepared with the following
ideas in mind: to document those analyses which are importunt to under-
standing the program but not necessary for its execution; to provide back- .
ground information and the rationale for selecting certain mathematical
models over other models; and to suggest areas in whici further development
of the program is warranted.

Volume II, the User's Manual, provides the information necessary to set up
a data deck to successfully execute the simulation, and to interpret the
results. Volume III, the Programmer's Manual, contains the information
required for setting up the program on the user's computer; brief descrip-
tions of the subroutines are included.




2. COMPUTER PROGRAM ORGANIZATTON

The logic of the computer program i{s organized into threce manjor operations:
determination of an equilibrium [light condltion, computatfon of the tlme
nistory of a prescribed manecuvev, and stability analysis, The heart of
each operation is the mathematical model of the rotorcraft. The following
five subscctions present general discussions of the rotorcralt model, the
rotor analyses available, and each of the three major operations. Although
the general organization of the program is essentially the same as docu-
mented in Reference 2, virtually every model and operation in the program
has been expanded or revised since the publication of Reference 2.

2.1 MATHEMATICAL MODEL OF THE ROTORCRAFT

The currently programmed mathematical model of the rotorcraft provides for
detailed simulation of the following rotorcraft configurations:

single main rotor, tandem rotors, and side-by-side (or tilting prop)
rotors. The model is broken down into the following major components,
cach of which is discussed in detail in the indicated section:

(1) Rotors (maximum of two, each with up to seven blades); Section 3
(2) Fuselage (valid in all flight regimes); Section &4

(3) Acrodynamic surfaces (one wing and up to four stabilizing surfaces);
Section 5

(4) External stores or aerodynamic brakes (any combination of up to
four stores and brakes); Section 6

(%) Auxiliary propulsion (up to two jet thrust vectors); Section 7

(6) Control system (including control of each rotor, aerodynamic
surface, and jet; plus a Stability and Control Augmentation System
and Automatic Pilot Simulator); Section 8

Since each model is general enough to be adapted to any one of the three
rotorcraft configurations, each can provide very detailed simulation of any

one configuration.

2,2 ROTOR ANALYSES

Two independent and mutually exclusive rotor analyses are programmed into
AGAJ73: quasi-static and time-variant. When development of C8l began in
the early sixties, the entire program was predicated on the quasi-static
rotor analysis. As part of the contract documented in Reference 2, the
time-variant rigid blade rotor analysis was added as an option. Subse-
quently, under Contract DAAJ02-70-C-0063, an aeroelastic blade repre-
sentation based on the modal technique was addad for use with both types of
rotor analyses. Definitions of these two rotor analyses are given below.

2-1
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2.2.1 Quasi-Static Rotor Analysis

The quasi-static rotor analysis is frequently called the "Frisbee" analysis.
This nickname evolved from the fact that a rotor which is termed quasi-
static is somewhat analogous to a rotating disk which generates dynamlc and
acrodynamic forces and moments, like the plastic-disk toy called a Frisbee,
A more mathematical definition of the quasi-static analyses is that at any
instant in time the frequency of rotor flapping is exactly one per revolu-
tion (1/rev). This situation requires that the path of each blade tip
during one rotor revolution define a single plane, or disk, Since the
locus of the blade tips defines « plane, the orientation of the rotor disk
with respect to the rotor shaft can then be defined by two angles: the
fore-and-aft and lateral flapping angles. These flapping angles are the
dependent variables in the equations of motion of the rotor. Note that
the quasi-static analysis does not require that the blades be rigid, but
does require that the frequency of any elastic displacements be at 1/rev.
Hence, the quasi-static rotor analysis is best suited to teetering or
gimbaled rotor systems where the dominant blade motions are at 1/rev and
where, for most performance and flying qualities investigations, other
flapping frequencies can be neglected. However, the analysis is also
suitable for first-order approximations of rigid rotors (where the blade
beamwise stiffness is represented in a flapping spring chosen to simulate
the blade elastic properties) and articulated rotors (where the flapping
hinge offset is represented by a flapping spring chosen to reproduce

the flapping natural frequency).

The major limitation of the quasi-static analysis is that only the static and
l/rev component of the blades response are caiculated. Consequently,
accurate computation of blade loads is not possible. Blade load calcula-
tions and printout are bypassed whenever the quasi-static rotor analysis

is used.

Computationally, any rotor which uses the quasi-static analysis is in effect
modeled as a twelve-bladed rotor at each time (computation) point. The
input or computed pair of flapping angles are used to define the orienta-
tion of a single representative blade at each twelve equally spaced azimuth
angles (30-degree increments). The dynamic and aerodynamic forces and
moments are then calculated at each blade station for each azimuth,
numerically integrated, and multiplied by the ratio of the actual number
of blades to the 12 blades of the computational rotor. Another analogy
which may help visualize the quasi-static analysis is to think of each
calculation as a time-lapse photograph where the image is that of the
forces and moments acting on the rotor when the shutter Is left open for
exactly one rotor revolution.

2.2.2 Time-Variant Rotor Analysis

The time-variant rotor analysis is predicated on the modal technique of
representing rotor blade dynamics. It is this technique, drscribed in
detail in Section 3.2, which permits the simulation of an acroelastic

2-2
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rotor (i.e., a rotor where the shape and motion of each blade at any
instant in time arc functions of the aerodynamic loading and the elastic
properties of the blade)., 1In the time-variant rotor analysis, each blade
is frece to respond to aerodynamic and dynamic forces and moments of all
frequencies, not just l/rev, at cach instant in time. To contcinue with
the photographic analogy used in the discussion of the quasi-static
analysis, cach calculation In a time-variant .nalysis is a snapshof with
the same force and moment image, but with the bludes frozen in position

at the time point, Since the blades are free to respond at all fre-
quencies, the concepts of a tip-path plance and its associated fore-and-aft
and lateral [lapping angles usced In the quasi-static analysis are not
meaningful in the tite-variant analysls: the meaningful parameters are the
angle bectween the hub and mast plus the inplane, out-of-plane, and

torsional displacements, velocities, and accelerations along the span of
cach bladce.

The time-variant analysis {s suitable for all types of rotors and should
be used whenever possible, particularly for rigid or articulated rotors.
Tt must be uscd when blade load data are desired.

Computationally, the forces and moments acting on each segment of each
individual blade at its instantancous position are calculated at each
time point in the time-variant analysis, The resulting accelerations and
current velocities are then numerically integrated to determine the

velocities and displacements of each segment of each individuul blade
at the next time point (azimuth position),

2.3 DETERMINATION OF THE EQUILIBRIUM FLIGHT CONDITION

The technique used to determine the equilibrium, or trimmed, flight condi-
tion in AGAJ73 is an enlargement of the technique described in Reference 2.
The additional considerations arec those required to represent the steady-
state solution of the clastic rotor eguations and the hub motion and mast
windup equations. Thc technique which had previously been used to trim
the rigid blade has been modifiel to apply to any blade mode that has a
natural frequency at or ncar one per rev.

The standard trim procedure detcrmines the following quantities at each
iteration: pilot control positions; angular orientation of the aircraft
in space; and a harmonic analysis through one per rev of the
participation factor for each mode (maximum of six) for each
blade for each rotor, fore-and-aft and lateral hub motion, and mast wind-
up for each rotor. The effects of the elastic blade and hub mot;ons are

included in the overall trim procedure to effect a coupled aeroelastic
trim solution,.

In addition, this standard trim procedure has been modified so th-t the
user can in effect delete the airframe from the procedure and trim an
isolated rotor, c.g., a wind tunnel simulation. This added path through

to command the rotor

the Lrim procedure allows the user two alternatives:
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feathering angles

and trim the rotor by iterating on flapping angles, or to
comnand the flapping angles and iterate on the feathering angles. The

mathematical techniques used in the standard and alternate trim procedures
arc discussed in Section 9.

2.4 STABILITY ANALYSIS

The stability analysis in this program is an enlargement of that presented
in Reference 2. In the previous analysis, the procedurc was based on two

uncoupled 3 x 3 sets of equations of motion. 1In this stability analysis,

the following 14 equations of motion can be censidered:

(1) Six Rigid Body (total rotorcraft)

(2) Fore-and-Aft and Lateral Pylon Motion for 2 rotors

(3) Fore-and-Aft and Lateral Flapping for 2 rotors

The analysis may be performed for the trimmed flight condition or at spec-

ified times during a mancuver. The three stability matrices gencrated by

the analysis can then be punched on cards for additional analysis external
to C81.

The derivation of the current stability analysis is predicated on a quasi-
static rotor analysis, and is not compatible with the Lime-variant rotor
analysis. Hence, only the stecady and onc-per-rev response of clastic
blades are included in this analysis. The complete cquations of motion

and the numerical tcchniques associated with the stability analysis arce
contained in Section 10.

2.5 MANEUVERS

Compared tec the version of C81 documented in Reference 2, the capabilitices
of the program for computing the time history of a mancuver have been
greatly enhanced. The current fully coupled annlysis includes the user
opticns of quasi-static or time-variant rotor analyses, rigid or acro-
elastic blades, and over thirty different types of variations of control
positions, control mechanisms, rotorcraflt configuration, ctc. 1In addition,
a programmer option is included whereby the cquations of motion may be
numerically integrated by ecither the four-cycle Runge-Kutta technique or
Hamming's fourth-order predictor-corrcctor method. The study which lead

to the incorporation of Hamming's method is discussed in Section 1l

The program includes three options for reducing the data generated by the
maneuver portion of the program. These options include plotting, harmonic
analysis, and vector analysis. Each sct of reduced data may be output on
the printer or a CALCOMP plotter. The data which may be reduced consist
of every parameter printed as part of the maneuver time history plus
detailed rotor loads and elastic response data, for a total of more than
1300 variables. These 1300 variables may also be stored on magnetic tape
and reloaded at a later date for additional analysis.
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| Another feature of the maneuver portion of the program is the restart capa-
; bility which permits a long continuous run to be made in several passes.

This procedure causes each item on the output page and many intermediate
variables to be written also on a magnetic tape,which is saved. Then on
subsequent runs, the start time can be any point on the saved tape. 1In
addition, the maneuver cards can be changed on each run.

AT

et ha

2.6 PROGRAMMING CONSIDERATIONS

T

¥ The current program includes a program logic group as the first group of
input data. This group allows the user many options as to the data to

X be read in and the analyses to be performed. In view of the large number

: of cards required to use every capabiity of the ismuthematical models,

5 these logic controls can greatly reduce the size of a deck wien a partic-
3 ular option is not to be used.

The contractor's version of the program includes ¢« data library which per-
mits the storage of complete rotorcraft configurations, or individual

3 components (input groups) on magnetic disk. These data may then be called
; from storage by the [irst card of each input group. This feature greatly
4 reduces the number of cards which must be included in the input deck and

g assures consistency in at least the initial input data when many people
ﬁ are making runs with the same configuration. Any parameter in most of
1 the groups stored in the data library may ve changed during read-in if the

uLser so desires.,

During the latest major revision to the program, the output formats for
B the trim iterations, trimmed flight condition page, and the maneuver-time-
i point page were revised as a result of user suggestions. In particular,
formats for the trim and maneuver pages were greatly expanded and made
' quite similar to each other. All data printed by previou: versions of the
. program have been retained and much has been added.

e

il

SRS

TR Ly

2-5




P 2 b ) 2 B e = LEGiS bl et iing
R TR T LSt b IR ENT, .\WE‘}'W" Sad ki b it dileu ket ik d ok s iRl TEPAT Aiathy R T B R R IR TTIVRRE e

3. ROTOR MATHEMATICAL MODEL

3.1 INTRCDUCTION

The Rotorcraft Flight Simulation Program uses the identical mathematical
model for both rotors. The only maior restrictlons on the currently pro-
grammed model are that for a given rotor the number of blades must be
between two and seven inclusive, the physical properties of cach blade must
be identical, and the rigid body feathering axes of the blades must be
equally spaced around the rotor azimuth,

Some of the most useful features of the model are the options for inputting
any of the following blade properties as distributions along the span of
the blade rather than single values: twist, chord, airfoil section,

mass, mass moments of inertia, and elasticity (aeroelastic mode shapes).
These distributions contain data either for twenty blade segments or at
twenty-one radial stations, Other blade parameters in the model include
tip sweep, hub drag, precone angle, a lead-lag damper, flapping restraint
and stops, and pitch-flap coupling. The possibilities for the rotor hub
model include teetering (or gimbaled), articulated, and rigid. Also,
undersling, the vertical distance between the flapping and feathering axes,
may be simulated for tvetering or gimbaled rotors.

Each rotor shaft (mast) may be given any desired orientation with respect
to the airfrane and can have torsional degree of freedom. In addition,
a nonisotropic dynamic pylon model is included to simulate the mounting
of the transmission/rotor shaft or gearbox/shaft system to the airframe.

The above model features relate primarily to the physical properties of the
rotor systems and, hence, are used in the dynamic analysis of the rotor,
The model also includes detailed aerodynamic analysis. This analysis is
divided into two subanalyses: steady-state and unsteady aerodynamics.

The steady-state aerodynamics are determined from sets of either equations
or data tables. The choice of equations or tables is a user option. The

option may be exercised for either an entire blade or each of the twenty
blade segments.

The user also has the option of either an equation or a data table for
computing the induced velocity distribution over the rotor disc. The table
contains coefficients of a Fourier-series curve fit of wake data computed
external to C8i, The table is tri-variant with arguments of advance ratio,
inflow ratio, and blade station, The aerodynamic analysis also includes
two methods for ccmputing increments to the steady-state aerodynamic
coefficients due to time derivatives of the blade angle of attack. These
methods, referred to as the BUNS and UNSAN unsteady aerodynamic optionms,
and their accompanying models for yawed flow are independent and mutually
exclusive. That is, the user may activate either the BUNS or UNSAN option

3-1
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with or without its respective yawed [low models; alternatively, both

unsteady models can be deactivated, and one or none of che yawed [low models
can be activated,

This sceifon of the report contains the dynamic and acrodynamic analyscs
Incorporated into the rvotor mathematical model, The next subscctlion dis-
cusscs the dynamle analysls with cmphasis on the modal technique used to
simulate blade clasticity., Following the dynamic discussion, the aero-
dynamic anclysis is presented with emphasis on the procedure for comput-
ing the angles of attack, Mach number, and dimensiona! forces and moments
at a blade station and on the two medcls for unstoad, acrodynamic c¢ffects.
The model for calculatlng the steady-statce cocfficlents is divcussed in
detail in Sectlion 3.5 of Vo'ume I1; only sclected information is re-
pecated or expanded on in this volume.

3.2 DYNAMICS
3.2.1 General

The rotor analysis in the previous version of the Rotorcraft Flight Simu-

lation Program ASAJOL (Refcrence 2) is based on the rigid blade assump-
tion and is therefore incapable of describing the time-variant acroelastic
behavior of the votor blade. Because of the improved and enlarged digital
computer facilities, and the desire for a more refined rotor analysis, a
time-variant aeroclastic rotor analysis bascd on the modal Lechnique has
been added to ASAJOl. The resulting computer progiam is AGAJ73.

3.2.2 Differential Equations of Motion and Solution Techniqucs

The inclusion of a time-variant acroeclastic rotor analysis in a helicopter
flight simulation program requires:

(1) Aeroclastic Rotor Analysis

(a) Derivation of differential equations of motion
(b) Solution technique for differential cquations of motion

(2) Helicopter Flight Simulation Program

(a) Representation of gross helicopter behavior
(b) Determination of equilibrium flight conditions
~(c) Ability to integrate numerically equations of motion

(3) 1Interface between Rotor Analysis and Flight Simulation Program

(a) Effect of rotor behavior on helicopter behavior
(b) Effect of helicopter behavior on rotor behavior




\

s e e

W_“__Twm,__m__” T T T S AT R T

The first step in developing an acroelastic rotor analysis is the deriva-
i

tion of the differential equations of motion., The differential equations

of motion for the combined inplane, out-of-plane, and torsional deforma-

tions of a twisted nonuniform rotating rotor blade were derived by Houbolt
and Brooks (Reference 3).

These equations include the effect of the noncoincidence of the mass and
clastic axes which produces the coupling between the inplane and torsional
deformations, and between the out-of-plane and torsional deformations. The
coupling beiween the inplanc and out-of-plane defurmations is caused by

the unsymmetric Lending of the cross section. The equations by Houbolt

and Brooks adequately describe the dynamic considerations which influence
the blade response; however, only passing attention is devoted to defining
the aevodynamic and aeroclastic effects which also influence the blade

response, 1f these aerodynamic forces are taken to be zero, then the
quations for free vibration result,

There are several techniques for solving the free vibration equations of
an clastic structure, Most outstanding among these techniques are the
Rayleigh-Ritz, Stodola, and the Myklestad methods (Reference 4), The
solution to the free vibration equations can be represented as a set of
natural frequencies, and assc-iated with each natural frequency, a corre-
sponding mode shape, These natural frequencies and mode shapes are

essential to the solution technique used to describe the time-variant
aeroclastic votor behavior.

The differential equations derived by Houbolt and Brooks do not lend them-
selves to closed-form solution technique for all possible combinations of
the externally applied loads. Oette (Reference 5) shows how the separation
of variables technique can be applied to the Houbolt equations. If the
independent variabies are assured to be time t, and location along the
blade x, then it is possible to write

Y(x,t) i Y (x)
2x, )| =) |z )| 8 (t) (3-1)
B(x,t) e ()

where Y, Z, and 8 are the total elastic deformation of the blade; Y_, Z_,
and Sn are the components of the nth normalized mode shapej and 6n(t) is

" : th
the participation factor associated with the n~ mode shape; Y and Yn

e ca i s

A




ﬁ?‘r TR I T A Tl ot T e SR TR T T ki ey i 4 TR T T

refer to the inplane deformation; Z and Z, refer to the out-of-plane defor-
mation; © and Gn refer to the torsional deformation of the blade. Let it

be assumed that at any point along the blade at a distance x from the hub g
centerline, and at any point in time t, the externally applied inplane %
} force is F , the out-of-plane force is Fz, and the moment tending to twist g
the blade Is M . Oette demonstrates that i
i ) a
!
A
R
¥ f(F'Y +F 2 + M.*6 )dx T
o n b4 n 6 b ]
? S rw o= 7 " (3-2) g
§ n n n 1 1
n !
) |
g
i where wy is the natural frequency of the nth mode of free vibration, and %
| In is the generalized inertia of the nth mode shape., For small amounts ;
{ i
:‘ of viscous demping €y Equation (3-2) can be written é
| ;§‘
, o . F ?
, 6 4+ 206 w +w 26 = — (3-3) ;
3 n nnn nn I
3
4 where F_ is shown in Equation (3-2), There will be an equation of the
7 above type for each mode included in the response analysis,

i The development by Oette assumes the helicopter to be in unaccelerated
flight, so only the externally applied aerodynamic forces would be included
b in Fn. Any nonuniform motion of the blade reference coordinate system

{ would produce inertial type forces acting on the blade. These inertial

4 forces should be included in Fp. Examples of the inertial forces would be
'ﬁ the "gyroscopic effects'" produced by the fuselage angular rates and accel-
b erations. Likewise, the linear accelerations of the hub would also pro-
duce inertial forces to be included in F.

As indicated by Oette another source of terms to be included in Fp is any
;; elastic velocity dependent dynamic terms deleted from the calculation of
b the blade natural frequencies and mode shapes. A classic example of these

4 terms is the Coriolis accelerations dependent on the product of blade dis-
5 placement and blade velocity, which are typically left out of the mode
calculations. ]

The set of modal equations, Equation (3-3), is sufficient to describe the l
i time-variant aeroelastic response of a rotor blade because: (a) the ;
i effects of the blade's mass, elastic, and geometric properties are in-

& cluded in the natural frequencies and mode shapes, and (b) the aerody-
,}4 namic and aeroelastic effects are included in Fy.
¢

B

ol

The Rotorcraft Flight Simulation Program (C81) has been modified to in-
clude a time-variant aerocelastic rotor representation based on the modal

SRLY,

iy,
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techiiiques with the provision that the blade natural {requencles and mode
shapes will be supplied as input data.

Since the derivation of the differential equations of motion and a prac-
tical method of solution of the equations have been fully descrlbed in the
literature, they will not be repeated in this document. What will be
emphasized is how these mecthods are included in the G81,

3.2.2 Referenre Coordinate System

The dynamic enalysis is performed in the shaft refervence coordinate system
shown in Figyrce 3-1. For the particular blade under considerstion, the
unit vector is perpendicular to the shaft and positive out along the
blade radial axis. The unit J is perpendicular to the shaft and perpendic-

ular to the unit vector {. ‘The positive T vector 1s pointed toward the
trwiling edge of the blade, The unit vector k ls polnted down along the

shaft. The location of any point on the blade relative to the hub can be
expressed as

7= x4+ YT + K (3-4)
wnhere X, Y, and Z% are the magnitudes of the displacements, Slnce [t Is

convenient to consider upward blade displacements as positive, the
relationship Z = -Z* is used throughout this analysis; hence,

5= XTI + Y] - 7k (3-5)

The angular velocity, Wy s of this veference frame, relative to an inertial

reference system, is given by
- - -
W, = pbi + qb? + rbk (3-6)

where Py 9 and T, are the three components which include such 1tems

as rotor speed, angular velocities of the rigid body fuselage and the
mast angle.

3.2.4 Application of Modal Technique

Y(x,t
The displacement [Z(x,t;‘of any point on the blade relative to its
B8(x,t)

undeflected position at a radial distance x and at time t ls approximated
by

Y(x, t) NM Yn(x)
2, | = 5 |z )| 8, () (3-7)
B(x, t) n=] en(x)
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5 where Zn(x) is the nth norﬁalized node of free vibration, NM is the ﬂ
: . I‘,
2 Sn(x) E
% total number of mode shapes “o be used, and én(t) is the participation E
§ factor or generalized coordinate associated with the nth mode shape, The %
functional notation is used to emphasize the fact that the displacement 4

L of the blade element is a function of both the radial distance x, and ?
3 time t. i
F i
?2 To implement the modal technique in the computer program, the following )
) assumptions have been made: ]
] (1) The blade is divided into 20 equal radial segments for aero- ﬁ
: dynamic and dynanmic calculations. {
(2) Each of the 21 segment faces has three degrees of freedom: ;

out-of-plane (2), inplane (Y), and angular orientation of 4

chordline about the positive x axis (9), 4

(3) The user will supply up to six normalized mode shapes which de- 3

scribe Zn’ Yn’ and en for each of the 21 segment faces for each .

mode shape. ?

(4) Linear interpolation can be used to define Z_, Y » and e, %

between two adjacent faces, -%

(5) All spanwise integrals are to be taken in the Stieltjes sense, ?%

,})\

(6) The maximum number of blades per rotor is seven. }

(7) The maximum number of input mode shapes per rotor is six, ﬁ

(8) The maximum number of rotors is two, 3

It is important to note that any assumptions made in the derivation of the {

mode shapes will also be applicable to the entire analysis, o

; i

As indicated, the program is structured to handle fully coupled mode p

shapes, which means that each blade element can have three degrees of .

freedom: vertical 2z, inplane Y, and torsional O. ;

)

Y (x) ﬁ

g MS_(x) = |2z (x) (3-8) i
3 n n 4

B, (x)
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where 6,(x) is the radial distribution of the angular orientatiomn of the

chordline and is positive leading edge up. Y,(x) is the inplane displace-
ment and is positive toward the trailing edge. 2,(x) is the out-of-plane
displacement of the blade element and is positive in the direction of con-
ventional positive aerodynamic lift. Any component (vertical, inplane, or

torsional) of a mode can be deleted from the analysis by having the partic-
ular deflection distribution set to zero.

The mode shapes given by Equation (3-8) have several important attributes:

(1) Each one is a solution to the coupled differential equations of
_free vibration (obtained by deleting all velocity dependent
terms) of the total system (see Reference 3).

(2) Associated with each mode shape is a natural frequency w .

(3) Each mode shape must satisfy a set of physical boundary conditions
that could exist on the blade,

(4) The collection of mode shapes forms an orthogonal set of functions.

This set of attributes makes possible the modal method of structural
analysis, The boundury conditions are a function of the hub type, and
must describe the physical constraints for the inplane, out-of-plane, and
torsional behavior at the hub. To simplify the discussion, the mode shapes
will be arbitrarily labeled either cyclic, collective, or scissor. These
definitions and the selection of blade mode type are discussed in more
detail in Section 3.2.10,

The inplane boundary condition is closely related to whether or not the
mast is free to "wind up" in response to the total inplane torque. A
cantilever inplane boundary condition is equivalent to assuming the mast
to be infinitely stiff in torsion, while a pinned inplane condition is
compatible with a mast with zero torsional stiffness,

A second, entirely different, method of describing the mast "windup" be-
havior is to write a completely separate differential equation for the
mast "windup." If this additional differential equation is to be used,

then all reference to the "mast windup" in the mode shapes must be elimi-
nated; i.e., all inplane boundary conditions must be cantilever. The
primary advantage of the mast windup differential equation is that it
permits any degree of inplane fixity rather than the idealized conditions
used in the definition of the mode shape.




The selection of which mode shape--cyclic, collective, or scissor--is a
function of the hub type, and whether or not a separate differential
equation is used to describe the mast windup. The selection processes are
described in detail in Section 3.2.10.

The input mode shapes must be combined to give the elastic response of the

blade according to Equation (3-7), The differential equation describing
the response of each mode is

o)

(1) n L d

= e - ) 3-9
DD w (286 (6) + w6 (t)) (3-9)
where w is the natural frequency of the nth mode shape and Cn is the
structural damping factor. The term I is the generalized inertia asso-
ciated with the nth mode shape and is defined by Oette (Reference 5) to be

= MYy ? + 2% 4 2fY 6 sin® - 20 Z 6 cos @

n n n nn p nn P

)

+ Flb + plc} enz dx (3-10)

where at a radial distance x,

M is the blade mass per unit length,

=

is the distance from the blade shear center to
the reference axis.

pIc is the blade cross-sectional mass moment of inertia
about the chord line per unit length.
pr is the blade cross-sectional mass moment of inertia per
unit length about an axis perpendicular to the chord line
and intersecting at the quarter chord.

ep is the geometric pitch.

Since the terms containing £ are small in comparison with the other terms,
they have been deleted in the calculation of the generalized inertia.

3-9
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The term Fn in Equation (3-9) is described as the virtual work done by

| all of the externally applied aerodynamic forces and inertial forces
associated with the nonuniform frame of reference, if these forces were
to act through a virtual displacement equal to the input mode shape.

e e 3 NPOTT

Thus,

R

P /o le.Yn + Fz +Me | ax (3-11)

where at a radial distance x,

i e ik T L T TN i e S S A B D e

Fy is the externally applied force in the Y direction (+ aft)

Fz is the externally applied force in the Z direction (+ up)

MB is the externally applied pitching moment (4 nose up)

Furthermore,

ity Sttt St s B R
T T, o

? F = A +1

3 y y y

"é"

¢ Fz = Az + Iz (3-12)
= A, +1

b Mg = Ay T lg

’;.

b

&

E It is important to note that Fy in Equation (3-12) is the sum of the

L externally applied aerodynamic forces Ay, given by Equation (3-142)

I plus the inertial forces Iy due to the nonuniform motion of the reference
ﬁ frame as described by Equations (3-28), FZ is the sum of the aerodynamic

forces Az shown by Equation (3-143) and the inertial forces given by

Equation (3-29), The term Me includes the aerodynamic pitching moment

Ae as given by Equation (3-144) plus the inertial load due to the feathering

3 acceleration as given by Equation (3-30). As will be seen in a later ﬂ
£ section, the inertial forces Iy and IZ are modified to account for 3
b .
' externally applied mechanical forces produced by the precone effect given é
by Equation (3-31); the flapping spring, Equation (3-35); the flapping stop, i
Equation (3-34); and the lead-lag damper, Equation (3-38). In this %

manner, the rotor dynamic behavior reflects both the rotor aerodynamic

3-10
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effects plus the dynamic effects of the rotor support system. The solution
of Equation (3-11) in conjunction with Equation (3-9) leads to the time-
variant behavior of the rotor blade. Equation (3-7) can be differentia-

ted with respect to time to give the velocity of the blade segment, and
is given by

Y(x,t) N [Y (%)
Z(x,t) ety | 2, (x) ) b (t) (3-13)
8(x,t) 6 (x)
? and the acceleration is given by
i o
b Y(x,t) NM Yn(x)
i 2ot | T L 2, (0 6 () (3-14)
b, 8(x,t) 8 (x)
B\ n
e The blade element Jisplacement, velocity and acceleration as given by

Equations (3-7), (3-13) and (3-14) are with respect to the reference
i coordinate system., As described In Section 3.3, the aerodynamic calcula-

tions have included the effects of the blade element displacements,
3 velocities, and accelerations, so that the dynamic analysis becomes an
ﬁ; aeroelastic analysis, The technique used for solving the basic modal
E: equation depends on the character of Fn. If Fn can be accurately ex-

3 pressed as a Fourier series, then Equation (3-9) can be solved in closed d
P form for the particular solution of the differential equation. That is E
A precisely the technique used in the "elastic trim" procedure as described 3
i in Section 9, because in steady-state flight, F_ can be accurately ex- ;
ff pressed in terms of integer rotor harmonics. 3
9 During the maneuver portion of the program, Equation (3-9) for ecach blade it
i? for each mode for each rotor is nurerically integrated using a four-cycle !
;} Runge-Kutta technique. Thus, at each time point, F

. must be evaluated to :
define the total aerodynamic and inertial forces, The numerical solution
to Equation (3-9) gives both the particular solution which will be In

terms of the rotor harmonics, as well as the complementary solution which
will be a function of the input natural frequencies,

e P r
D P G m e

RS TS - T

3 The program ls §
g structured so that during the trim procedure, the steady-state responsc or 3
% particular solution for Equation (3-9) is obtained, Once the steady-state ﬁ
_g solution is known, the initial values for 6n(0), bn(O), and 6n(0) can he ¥

obtained. The use of these initial values tends to smooth out

=

any

e
iy
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discrepancies in entering the maneuver. It also tends to suppress the
complementary solution for a steady-state maneuver.

3.2.5 1Inertial Force Distribution on Blade

In Equation (3-12), it was shown that the forcing function F, contains the
distribution inertial forces associated with the nonuniform motion of the
frame of reference. From basic kinematics, it can be shown that the total
acceleration gp of any point on the blade, relative to an inertial coordi-
nate system, is given by

EN ='TK;H +3+ [?be(ﬁ’abxi)] + ["wbx_p’]

(3-15)

~» = o0 v,
+ wa X P] + lFaF + lLaL + x¢T

ﬁ
where RH is the rigid fuselage linear acceleration of the origin of the

-)
moving coordinat~ system and p and Wy have been defined by Equations (3-5)

and (3-6), respectively., The last three terms are the blade accelerations
produced by the elastic hub motions and the mast windup as discugged in
Section 3.2.9, Each mass pcint on the blade, when multiplied by ap as

given by Equation (3-15), would produce a force that must be accounted
for in the elastic rotor analysis., There is also an inertial moment due
to cyclic feathering acceleration that would tend to twist the blade.

It is necessary to consider each term in Equation (3-15) in one of the
following manners:

(1) 1Included in the calculation of the blade natural frequencies
mode shapes

(2) 1Included in the externally supplied forcing function as indi-
cated by Equation (3-12), or

(3) Assumed small in comparison with other terms present and thus
may be neglected,

The first term in Equation (3-15) is linear acceleration of the hub rela- :
tive to ground as expressed in the rotating coordinate system., This term §
includes the linear acceleration of and the angular acceleration about the :
fuselage cg, and these terms have been considered in previous versions

of the program (see Reference 2), The only modification that has been

made to this term in the present version is the addition of the elastic

pylon motion which is discussed in Section 3.2.9. All terms relating to
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ﬁﬁ must be treated as externally applied distributed inertial forces.
2 .
All inertial forces associated with the second term, P, in Equation (3-15)
have been included in the calculatinn of the blade mode shapes and
natural frequencies because'? is the mass point acceleration in the

i
i
<
;
#
{
3
o

shaft axis system and cannot be used to describe the nonuniform motion of
the reference axis system,

ot TR e et

b The third term in Fquation (3-15) gives rise to some interesting terms, J
) Using Equations (3-5) and (3-6), iﬁ
7 - - - 2 2 2
5 wy, X (wb X p) = i [qbpbY T XQy o - oxr v o- prrb}
2 2 2
E + ] [+ qbZrb - Yrb - Py Y +-prqé]
? - 2 2

+ k [pbxrb + Py, Z + 9 Z + Yqber (3-16)

Now let it be assumed that the product of any blade displacement times
any fuselage rate is small in comparison to the other terms. Thus,

- { -
w X w

=AW 2 - = 2
b b X P )- -rb Xi + pr r.k - r

7
b p Y J (3-17)

The T component of Equation (3-17
which has been included in the ca
and mode shapes, The term Yr

) is the centripetal acceleration term
lculation of the blade natural frequencies .
b is assumed to have been included in the

calculation of the normal modes. Now let it be assumed that rb = -0
'ﬁ Is the rotor speed, Then the k component of Equation (3-17) becomes

- -+ - -
@, X (wb X P )= - p, xK (3-18)

which is one component of the gyroscopic terms mentioned in Reference 2

and which must be treated as externally applied distributed inertial forces.,
If the centripetal acceleration and the term Yrb2 are not included in the {
 § calculation of the blade natural frequencies and mode shapes, then the

| inertial force due to these effects must be treated as an externally
applied force on the response calculation. This condition would correspond

Sy it

o

s

e

4 3-13



to the use of nonrotating natural frequencies and mode shapes. It is
assumed in this analysis that the centripetal acceleration has been
included in the natural frequencies, and can thus be neglected in the
externally applied forcing function.

E The fourth term in Equation (3-15) can be written as

1

& oo x 8 = Tl+az-ve.] + 2[xt. + p.zl+2[ :
wy X o= 1 [+ Q2 - rb] j [xrb P2 |+ [pbY - gy

(3-19)

Again, it is assumed that all products involving the elastic displacement

of the blade times an angular velocity at the fuselage are small, so that
Equation (3-19) can be written

iR et

- - - o m
; = r.j - 3-20

? Ly X n XIy quk ( )
%
] or
‘— "’ - [ d . -
b wyX p o= -xQ)) - quk (3-21)
;}.
% The ? component is the result of the mast windup differential equation
k mentioned in the discussion of the input mode shape. This component is
A most important in its relationship to the Coriolis forces. The k
9 component is the second part of the gyroscopic terms discussed in
3 Reference 2. The inertial terms produced by Equation (3-21) must be treated
g as externally applied distributed inertial forces.

1 The last term in Equation (3-15) produces the Coriolis terms and may be
ke written

i

4

.;; 23 X = 2['? (- qu - ?rb) + T (krb + pbi )+ k (pbY - iqb)]

(3-22)

et
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or, to be consistent with the previous assumptions,

& N
2o, x b = - 2% -2r7? (3-23)

To better understand the first term on the right side of Equation (3-23),
refer to Figure 3-2, where from the geometry it can be written

x = Vel - (z-n)? (3-24)

where r is the radial distance from the origin to the point P, which can
be differentiated to give

Vet o(z-n)? (3-25)

where h 1s the underslinging,
Equation (3-25) can then be combined with Equation (3-23) to give
® _ 0Z(Z - h)

20, X p = (3-26)
b V i2 o (z-n)?

which ls usually referred to as the Coriolis acceleration and must be
treated as an externally applied distributed inertial force. The term h
Is the underslinging. The location of the axis of constant rotaticnal
speed has a significant effect on the Coriolis acceleration term. If
the Inercia of the rotor is large in comparison to the mast stiffness, and
the rotor is free to flap, then the axis of constant rpm will be perpen-
dlcular to the tip-path plane, Conversely, the axis of constant rpm
would be along the mast. These conditions are approximated by removing
the rigid blade component, if any, from Z and z prior to calculating the
Coriolis term. A more complete discussion of underslinging is given in
Reference 6., The second term cn the right side of Equation (3-23) is
the Coriolis acceleration due to the change in centripetal acceleration
generated by the inplane elastic velocity, This term has a significant
effect on the elastic hub motion, Now it becomes possible to rewrite
Equation (3-15) in the following form:
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4
k
;
' - . ) . .
_ ap = | (rigid hub acceleration)
'.l
i + 1FHF+1L§L (elastic hub acceleration)
i .
E - O xk (gyroscopic)
{
% - quﬁ (gyroscopic)
| T .
b -WTXJ (mast windup)
. :
: - -
" XZ(Z-h) ] |
3 2 _ (z-h)z (Coriolis)
£
%. - 2?0? (Coriolis) (3-27)
4 where the terms without the unit vector are calculated in the fixed

coordinate system and must be transformed into the rotating coordinate

system. In Equation (3-27) the [irst six terms on the right-hand side

account for the nonuniform motion of the blade reference coordinate

g system, The last two terms represent the velocity dependent dynamic
terms which have been left out of the mode shape calculation.

T

In keeping with the previously introduced notation, the inertial com-
ponents from Equation (3-27) may be written as

|
i
% Iy = (RHy + 1LHL) cos -(R”x + 1 a )sin 1

] \/_zTh)_ (3-28) 4

L= (4% - Gpyx) M (3-29) T-l

i

!

3 - i’k - et j é
; and I, 6. (PLy + 1) - ©.07(pL, - ol ) (3-30)
[ |
In Equation (3-30), the first term on the right side Is the morent produced %

by the cyclic acceleration of the blade, while the second term is the {

X incremental centrifugal twisting moment due to the cyclic pitch, 8 . The i
k! =

tennis-racket moment due to the collective pitch is included in the blade
natural frequencies and mode shape.
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Since both the aerodynamic f
inertial forces are now kno
function F  for each modal

can then be used to calculate t
the rotor system,

orces (see Section 3.3) and
wn, it is possible to define
equation as given in Equation
he time-variant aeroelasti

the distributed

(3-11), which
C response of

3.2.6 Precone Effects

Lf the precone arngle © has not been considered durin
the rotor natural frequencies, then pPrecone must be {

externally applied forcing function,
manner:

ncluded as an
This can be done in the following

(1) Let it be assumed that th

e equilibrium position for all
mode shapes is the precon

ed position.

(2) The centrifugal force term XMQ2
two components: xMQ sing

the blade,

can then be broken into
os Which is perpendicular to

and xMQ“cos ®o» which is along the blade (see
Figure 3-2).

(3) Prior to calculating the forcin
shape, the externally ap
by the precone force xM

g function for each mode
lied air loads should be modified
sin ¢, in the following manner:

Al = xMstin [0}
z )

AIZ as given by Equation (3-31) should be added to the right side of
Equation (3-29),

8], 2.4, Flapping Springs, Flapping Stops, and Lead-Lag Dampers

elastic rotor analysis,
flapping stops, and lead-1ag

s, refer to Figures 3-3 and 3-4.
is placed at some angle 8
and that there is an associated spring with a spring .ate k

The flapping stop is simulate
lerger spring rate (kz).

Among these items cre flapping springs,

dampers. To consider the first two item
Let it be assumed that the flapping stop StEs”
1 in.-1b/rad.

d by a nonzero value of Bst p? and a much

3-18

the total forcing

g the calculation of

(3-31)
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Figure 3-3. Schematic Dlagram of Flapping Spring and Stops,

i Ms is the moment M

g transmitted to the
top of the mast.
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Slope = k1 + k2
—~— Both kl and kz are torsional

S At e Sy

4 spring rates (ft-1b/deg). 2|
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i ~‘ :,
B Figure 3-4. Spring Rates Representing Flapping Sprin; and Stops. ;
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The blade root flapping angle B(t) is defined at each time point in the =
maneuver. The moment transmitted to the top of the mast is given by
Ms = (Ms)

+ (M) (3-32)

spring stop

The two components of MS are defined as follows:

k, B if|B]<B
S)spring & {kl : stop (3-33)
1

sign (8) tE|BIZB | 3

(M
stop

i‘ and
4 {o.o if |Bl < B 1

] M), = A CEERY
. SRR Ak, (1B] - By, sten B) Lf[B| 28

stop stop

}; Figure 3-4 is a plot of Ms based on Equations (3-32), (3-33), and (3-34).

That same moment M_ can be used in calculating the work done by the Tﬂ

B externally-applied loads acting through the nth mode shape., Let it be i
5; assumed that ¢n is the slope at the hub in the verticel plane associated 4

with the nth mode shapej the incremental out-of-plane component F, of the

5 forcing function F for the nt"h mode shape becomes
8L, = -M_ ¢n (3-35)

This increment to I should then be added to the right side of Equation
(3-29) to account for flapping springs and stops.

Lead-lag dampers are handled in a fashion similar to that shown in Figure
3-5, It is assumed that at some radial point, rl, a viscous damper (with

damping rate ¢ 1b/ft/sec) is attached inplane. The inplane velocity of the
attachment point is given by

. N,
b Y%(z,) = 2_;;1 8 (t) Y (r)) (3-36)

which would then produce a damper force, Fdamp’ given by

Fdamp = Y(rl)c (3-37)

L
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This damper force is included
the basic definition of the in
Fn of the modal equation,

in the e¢lastic rotor analysis. Recalling
plane component Fy of the forcing function

“y = [\'f(rl)] LYn(r])Jc

(3-38)
where r is defined in the program to be 0.1 R,
3.2.8 Rotor Bending Moments
By use of the modal technique, it is possible to show that
Y(x,t) NM [ Yn(x)
Z(x,t)| = Zn(x) | 6,(L) (3-39)
8(x,t) el 6n(x)
Yn(x) th
where Zn(x) is the n input mode shape and én(t) is the participation
O (x)

factor associated with that mode.

equations to describe the time-var
blade at any time t:

Tt is possible to write the following
iant rotor loads at any point xq, on the

(1) Total Out-of-Plane Bending Moment

NM
VBMp(xo,t) =" VBM_(x,)8,(t) (3-40)
n=1
(2) Total Out-of-Plane Shear

NM
VSpxost) =" VS, (x,)6, (1 (3-41)
n=1

(3) Total Inplane Bending Moment

NM
IBMT(xo,t)==§: IBM (x )6 (t) (3-42)

n=]
(4) Total Inplanc Shear

NM
ISp(xg,t) =27 IS (x.)8, (t) (3-43)
n=]

IR, TR X, T WLV Tr L T P




el stk e S S R S RS et

(5) Total Torsional Moment

M
TBMp (%o, t) = D7 TBM (x )8 (t)

n=1

i where NM is the total number of modes.

i are functions of the input blade
bution, rotor speed,

The Euler beam equation (Reference 4
moment VBMp(x ) is given by

2
; - g 422
% VBMT(XO) = EIZ 2
i\' X=Xo

where Z is the total out-of-plane displacement and EI
of-plane stiffness. Combinin

% equations, it follows that
VBMp(x,t) = EI, 5[ Yz, - 6 (t)]
: L n=1

but since 6_(t) is independent of X,

NM 422
VBMp(x ,t) = }:Eén(t)]EIZ ;
n=1 dx

which can be written as

NM

VBMp(xo»t) =27 8, (t) VBM_(x_)
n=1

where

2

4z,

VBM (x ) = EI
n" o 2 dX2

X=X

D

-23

Wbl B o g s

X=X
(o]

(3-44)

The load coefficients VBM, (X)), Vsn(xo)a IBMH(XO)’ ISn(xo), and TBMn(Xo)

mode shape, mass and inertial distri-
and the na:ura’ frequency of the mode.

) shows that the out-of-plane bending

(3-45)

2z i1s the blade ouyt-
g out-of-plane components of the two previous

(3-46)

(3-47)

(3-48)

(3-49)

o Eo e




4 It can be seen that VBMp(x,) is independent of time and can be calculated
1 prior to calculating the elastic response. Just as Zp(x,) describes the
é out-of-plane displacements of the nt® mode shape, YBMn(xo) describes the

out-of-plane bending moment associated with the n'? mode shape. To avoid
difficulties in differentiating the mode shapes twice, the cut-of-plane
bending moment VBM;(x,) associated with the nth mode at radial station Xo
; can also be defined by

S

Exs

e, () = [ 1Dz, 00T (o) - Goa®) L2, 00-2,(x )1} ax - (3-50)
xo

o e

which is the moment produced by all forces outboard of Xy, as shown by
Figure 3-6. The forces on Figure 3-6 can be obtained by making the
following assumptions:

bl e ke

e

(1) Each point on the blade is executing pure harmonic
motion, whose amplitude is given by the nth mode shape.

(2) The harmonic motion occurs at the natural frequency W,.

RO

(3) The rotor speed is Q,

(4) There are no externally applied air loads.

B e

pal s

Figure 3-6 shows the load distribution associated with the out-of-
plane motion subject to the above four conditions.

In a similar manner it can be shown that the vertical shear force asso-

B ciated with the n'h mode at any point x, can be
d

Vs (x.) = = [vBMy(x )] (3-51)
& X=X
: )

or
V o
4 = [fide ey =
Vs (x,) = [ (g1, =5 - (3-52)
o

But VS,(x,) can also be obtained by summing the out-of-plane forces,

associated with the nth mode shape, outboard of station X, as shown by
Figure 3-6. Thus,

£ vs(xo)=fR Mz_(x) © ° dx (3-53)

Xo

g 3-24
.|r g
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Following the same reasoning, the inplane coefficients can be deduced
from the load distribution shown in Figure 3-7,

IBM_(x ) =fR M Y_(x) (uun2 + 05 1(x - x,)

X0
2 \r - =
- oIy () - ¥ (x )] ax (3-54)
and the inplane shear ISn(xo) is
_[R %, 2 )
Is_(x_) _JC MY () (w24 0?) ax (3-55)
)

The torsional moment at any point x, can be derived by observing the nth

mode shape shown in Figure 3-8.

(o)

The mass moments of inertia of the cross section about the principal axis
of inertia are PIy(x) and pI.(x), where PIy(x) is significantly greater
than PI.(x). The torsional moment is then given by
=R 2
TBMn(xO) _Jf {(PIp + pIc) en(x) W

X
0

- (b1, - PI) A% _(x)] dx (3-56)

If the blade stiffness distribution were input data to this program, the
load coefficients could be obtained by combining the stirfness distri-
bution with certain spatial derivatives of the mode shapes. Since the
mode shapes are defined at only twenty-one points along the blade
radius, performing the spatial derivatives can lead to numerical diffi-
culties,

As mentioned in the description of the mathematical model, in the elastic
trim procedure (discussed in Section 9) the harmonic representation of
On(t) is obtained. Using these values of the harmonic components, the
rotor loads (beam, chord, and torsional bending moment) at twenty equally
spaced radial stations are calculated. The beam and chord bending
moments are obtained from the inplane and out-of-plane bending moments

by a transformation through the geometric pitch angle (except for the
inboard 10 percent of the blade which is assumed not to feather).

During the maneuver portion of the program, the rotor bending moments at
any particular radial station can be printed. The maneuver output also
prints the three components (fore-and-aft, lateral, and vertical) of the
shear forces at the top of the mast. These shear forces, in the fixed

coordinate system, are used to drive the hub motion equations as described
in the next section,
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3.2.9 Pylon Motion and Mast Windup

The behavior of the elastic rotor is dependent on the hub restraint
tmposed on the blade which fs modeled by three independently actuated
cquat fons,  The first two describe the fore-and-aft and the lateral

mot Lon of the pylon, while the thivd equation Is related to the mest
windup. The free-body diagrams associated with the fore-and-aft and
Lateral pylon motion are shown in Figures 3-9 and 3-10 vespectively.
The fore-and-alt and lateval pylon spring rates are kp and ki respec-
Lively. The same subscripting convention {s used for all applicable
pylon variables.  The effective pylon lengths (1, and |1 arc defined
as the distance from the pivol point or focal point to [’hv center of the
rotor hub,  The mass moments of {nertia of the pylon alone, without any
rotor mass, about the focal point arve ('l‘. and ]I q

The top view of the pylon motion ts shown in Figure 3-11. The linear
acccleration of the hub o the fore-and-att dirvection is l|:'.-|'|,‘. and in
the lateral dlrection is ll::l'l‘. The hub accelerations will produce the
incrtial forces on the blade mass M as shown by the dotted arrvows on
Figure 3-11. The inevtial fovee perpendicular to the blade Is accounted
for in Equation (3-28), and thus may be eliminated from this discussion.
The inertial torce acting In the radial dirvection has not been treated
previously, The inevtial lorce in the radial direction can be resolved
into components in the lfore-and-aft and lateral divections and integrated
over all the blades to give a tore-and-aft inertial foree FF

NM . " -
Fe = -NM""“‘Z (ll-‘nl-‘ ('.ns"w{ = ll.“l,“n ‘:.i“m "’1) (3-57)
i1
and a lateral jnertial force Fl,
NB . . .
le = ‘Mbl:ulc}: (ll-‘“l"S{n \),vi(-os V- '|.“1.5“‘~ \;l) (3-58)
=1

Thesce inertial forces must be treated in the pylon cquations,

Referring to the model (or the forc-and-att pylon motion shown in Figure
1-9, it can be seen that

A= = koa. - oc.a - PMOM - 5, F JC R 1-59
]l“ ‘l" ‘l“‘l" \]“‘l“ PMOM -+ l.' R TN LR S I (3-59)

and Trom the medel Tor the laterval pylon metfon <shown In Fligure 3-10,

a = =koa, - oo s - d
11'0“' kg =g RNOM 41 sy
=1 cosa b st nm) (3-00)
J-27
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In the above equations, §

x and S are the components in the fixed coordi-
nate system of the

inplane hub shear as defined by Equation (3-43) and
the integrated change in centrifugal force produced by the change in
effective rotor speced as defined by the

Likewise, PMOM and RMOM are the components of the total out-of-plane
bending moment as given by Equation (3-40). The conventional angular

rates of the rigid body fuselage are p, q, r, while a, is the total
mast tilt angle,

,econd term in Equation (3-23).

: There are two other major effects of the elastic pylon motion which must
: be included in the analysis. The first is the effect of the elastic

' pylon velocity on the blade element velocity in the blade aerodynamic

F calculations., Thic effect is shown in Equation (3-10l1) given in Section

i 3.3.3. The sccond major effect is the coupling between the elastic
: pylon displacement and the geometric pitch of the blade. This coupling
\ is accounted for in the following manner:
i
B ] P I3 ] I
| 1 [ee, 28,
f 5 6 i -0
i 0 0 baF baL
1 .
] %% /a % /a ’
] 6.,, |=18 + fts =t i : (3-61)
b /A F/A ap  Ba, al.
K
9 5 6 ﬂeLat beLat
3 Lat Lat Ba da
1 L 4 L 4 LTF L 1 L _

where the elements of partial derivative matrix are input parameters.

The elastic mast windup can be represented by a differential equation.

: Referring to Figure 3-12, it is assumed that at the bottom of the shaft,

{ an inlinite inertia (I,) which turns at a constant angular speed, W¢, is

3 present, At the top of the shaft is a concentrated inertia (Ig) which is

equal to the combined inertia of the rotor-pylon system and the rotating
i components of the control system.

Connecting the two inertias is a §
E flexible shaft of stiffness kg. It now becomes possible to write 3
4 NB !
E IBM.(0), {
3 | JE::l i ~w o [28 4. +w ) (3-62) !
E Vrp I o, =oordp 4 Y ;
b s ) T
B
L
'$*

| where the forcing function is defined by Equation (3-42) in Section 3.2.8 }
; and Un,, is given by o
w o=/ =2 (3-63)
! nT IS

7 where ks is an input parameter.
i

_ 38 3)




i B SRR N s RS

ARPRYT T

R

¥ AR AT LU SRR R s S s T
R LS VS A P R R R L et S s Rl SRt R ATl CARIES . :

1 Figure 3-12, Mast Windup Motion,

ZEa
2

s
e

PRt

o

Py

+ b

b ;

i b
1A

332




Ff}\!" e il i haad i el Bt L e i IO D L AL O RN £ DAL E LR E Sl AL sl e o R Sl TS L R £ T e oy L RL S TR E A R 1 it A Dt Sl it s AL e bYW Do bt ) qmlg{qm{!mwmv R T T T e e
e v

Equation (3-02) describes the mast windup in response to externally
applled rotor !oads. The inertial effects due to the mast windup on
the blade loads have been previously discussed. The inertial loads on
the blade produced by the mast windup acceleration are represented by
the fifth term In Equatlon (3-28). The calculation of the blade aero-
dynamics includes the incremental blade velocities caused by the mast
windup velocity.

The gross rotor forces (H force, Y force, and thrust) and rotor moments,
as obtalned from thu Intecgration of the aerodynamic forces acting on the
rotor, are used in the fusclage equations of motion. The hub shears and
moments, as calculated from the elastic rotor response, are used as
fercing function to the pylon motion and mast windup differential
equations, Both sets of forces and moments are assumed to be acting

at the top of the mast., The use of the effective pylon lengths in the
pylon equations simulates the iynamic effects of the focused pylon con-
cept. The accelerations, velocities and displacements from the pylon

¢ motion and mast windup are used in the evaluation of the aerodynamic

and inertial forces on the rotor.

R e A g R I e i S e T

When only the rigld blade mode is used, the gross rotor forces are used
in conjunction with the hub restraint equations. This path, which per-
mits the use of hub restralnt equations with a rigid blade, is used in
the stability analysis portion of the program.

S o BN R P T L

S T P T

3.2.10 Blade Mode Type Seclection

The rotor hub has the ability to act as an attenuator, filter, or ampli-
fier with reference to the transmissibility of the externally applied
loads. Gessow and Myers (Relercnce 7) show the response of various hub
configurationas to forces with various harmonic excitation f{requencies,
This unique behavior of the rotor hub can be related to the behavior of
the mode shapes usecd to describe the total rotor system., The boundary
conditlions used to calculate and describe the blade modes are given in

g

FlosdEdatcses

Table 3-1.
TABLE 3-1. BLADE BOUNDARY CONDITIONS AT ROOT i
Mode Type Out of Plane Inplane Torsion ;
: Collective Cantilever Pinned Cantilever %
fn Cselic Pinned Cantilever Cantilever §
¢ Scissor Cantilever Cantilever Cantilever ¥
X
i
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The proper selection of which blade mode types (cyclic, collective, or
scisscr) should be used s eusential to an accurate rotor simulation. The
purpose of thls scctlon Is Lo describe the technique used to ascertain
which mode types should be used te represent various hub types. The next

section describes how vhe tupul blade modes are combined into rotor modes
which arc used In tho computer program.

The first step tn sclectlng which type blade modes--collective, cyclic,
or scissor--should bhe uned tn Lhe rotor simulation is to define the hub
boundary conditlons Lhat can ealst for cach blade., The hul boundary con-
ditions are a function of the type hub--gimbaled, teetering, hingeless, or
articulated, For the latter two--hlngeless or articulated--each blade's
behavior is Independent of any other blade's behavior. However, for the
gimbaled or tectering hub there Is moment carry-over across the hub, so

it is possible for any onc hlade to affect the behavior of the other
blades,

The hub boundary conditions for a rotor blade must include the out-of -
plane, inplane, and torsional end restraint, The out-of-plane boundary
conditlon for all blades on a hingeless or rigid hub is cantilever; i.e.,
out-of-planc slope is zero. See Table 3-2 for these boundary conditions
and thelr corresponding mode types.,

TABLE 3-2. BLADE BOUNDARY CONDITIONS AND MODE TYPES
IFOR HINGELESS OR ARTICULATED HUBS
Mast Boundary Condition Blade
Torsional Mode
Stiffness Inplane Out of Plane Torsionol Type
zero Pinned Cantilever Cantilever Collective ?‘
X
Nonzero Cantilever Cantilever Cantilever Scissor

The selection of mode types for hubs with moment carry-over, i.e., teeter-
ing or gimbaled, is somewhat morec difficult than for the hingeless or 1
articulated hubs. The first step is to determine the actual boundary con-
ditions that are compatible with the blade's response to integer-per-rev
hermonic forcing functions. The four-bladed gimbaled rotor displays all
the possitle characteristics of the hubs with moment carry-over, and will
therefore be used as an example. Let it be assumed that positive out-of- ]
plane bending (com ression in top of blade) is accompanied by positive &
|

inplane bending (tension in leading edge). Figure 3-13 shows that for the
0 or 4-per-rev response, cach blade tip moves up and aft., Thus, the out-
of -plane boundary condition is cantilever. The inplane boundary condition
depends on the mast torsional st’ffness. For zero mast torsional stiff-
ness, the inplane boundary conditions would be pinned, which would require 4
the usc of collective blade modes. For the nonzero mast torsional stiff-

ness, the scissor blade modes would be used to describe the response at
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0-per-rev or 4-per-rev. The l-per-rev and 3-per-rev are very similar. 1In
both cases, the out-of-plane boundary condition is pinned and the inplane
is cantilever, regardless of the mast torsional stiffness. For the 2-per-
rev blade response, blades 1 and 3 move up and aft; blades 2 and 4 move
down and forward. The out-of-plane boundary condition is cantilever (the
out-of-plane slope is zero). The hub inplane 2-per-rev moment produced by
blade 1 is equal and opposite to that produced by blade 2; likewise, for
blades 3 and 4. Thus, the total hub moment from the four blades is zero,
so there is no hub moment tending to wind up the mast (regardless of

the mast torsional stiffness). This condition is compatible with the
cantilever inplane boundary condition.

The procedure described for the four-bladed gimbaled rotor can be applied
to any rotor system with moment carry-over. The resulting blade boundary
conditions associated with any integer per-rev response n, for any number
of blades b, and the corresponding mode types are summarized in Table 3-3.

TABLE 3-3, BLADE BOUNDARY CONDITIONS AND MODE TYPES
FOR GIMBALED OR TEETERING HUBS

Mast Boundary Condition Blade
Torsional | Harmonic Mode
Stiffness | Per Rev Inplane Out of Plane| Torsional Type

nb Pinned Cantilever |[Cantilever |[Collective
Zero b(n-%) Cantilever | Cantilever [Cantilever | Scissor %

all other Cantilever | Pinned Cantilever [Cyclic

nb Cantilever Cantilever |Cantilever |Scissor
Nonzerco b(n-%) Cantilever | Cantilever |Cantilever |Scissor#

all other Cantilever Pinned Cantilever |Collective

integer per-rev response

#0nly meaningful for gimbaled rotor
systems with four or six blades

o
il

number of blades

The order in which the mode shapes are arranged in the input data in
terms of natural frequencies (ascending or descending) is unimportant
except for one condition: the mode shape that has a natural frequency
closest to one per rev must be the first input mode shape. It is not
required that the mode shapes have adjoining frequencies; i.e., certain
mode shapes can be replaced with mode shapes with higher natural fre-
quencies. Once the natural frequencies and their corresponding mode
shapes are known, the only other modal input required is the structural
damping coefficient, which should be taken as approximately 2 percent
critical for all modes except the rigid-body mode, for which it is zero,
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A flow chart for sclecting the proper blade modes Lo simulate any conven-
tional hub is shown in Figure 3-14.

Based on thcse input blade modes, the computcer program must have a logic
network to combine the blade modes in the proper manner. The logic net-

work will be described in the next scction.

3,2,11 Hub Transfer Coefficient Matrix

The approach of the modal technique is sufficiently general to handle any
particular combinalion of hub typc and/or numbec of blades. The principal
problems aricce from the faclt that the normal modes of vibration and the
natural frequencics arc calculated for the individual blades while the
1nodal equations arc written for rotor modes. Some blade modes can be
combined to form a rotnr mode Lhat can be described by one equation--con-
sider @ collective blade mode for a gimbaled cntor where all blades go up
and down together. Othcr blade modes arc combined to form a rotor mode
that requires two independent modal equations to define its position--
consider o cyclic blade mode for o gimbaled rotor which could move about
two perpendicular axes (forc-and-aft flapping and lateral flapping).

The number of independent rotor modal cquations required to describe a
given bladc mode is as follows: For all rotors where there is moment
carry-over at the hub, two equations are required to described each cyclic
mode and onc equation to describe each collective or scissor blade mode;
for all rotors where there is no moment carry-over at the hub, one inde-
pendent equation must be written for each mode for each blade. Thus,

the total number of independent equations required to describe any combi-
nation of hub type and number of blades is difficult to express in general
terms. It can be shown, however, that the number of dependent equations
is b times NM where there are b blades and NM the number of input mode
shapes. These dependent ecqiations can be used to describe all conven-
tional hub types (hingeless, articulated, gimbaled, or teetering) for amy
numbcr of blades. It is required that cach input blade mode shape be
designated as to whether it is to be formed into independent, cyclic,
collective, or scissor rotor mode shapes. The independent rotor modes

are associated with thosc rotor hubs without moment carry-over, and are
thus capable of responding at all integer multiples of the rotor speed.
The cyclic, collective and scissor rotor modes are associated with hubs
with moment carry-over. Collective rotor modes respond at nb/rev; scissor
rotor modes respond at b(n-1/2)/rev; and cyclic rotor modes respond at

all other harmonics where b is the number of blades, and n can be any
nonnegative integer. Scissor rotor modes are associated only with
gimbaled hubs with 4 or 6 blades.

The Hub Transfer Coefficient (HTC) matrix is used to represent the inter-
dependency of hub type and mode type. The HTC matrix will be derived for
several different combinations. For each case, the input mode shape

will be MS(x), thc generalized inertia of one blade will be In’ and the

3 3-37
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externally applied loads on blade J will be A (x), with components F
FZ , and Me as given by Equation (3-12), L

J
J ]

A

The [irst case will be Lhe cyclic mode for a four-bladed gimbaled rotor,
From the input blade mode shape MS(x), two independent rotor modes can be
written:

MODE SHAPE

Mode No., Blade 1 Blade 2 Blade 3 Blade 4
1 MS(x) 0 -MS(x) 0
2 0 MS(x) 0 -MS(x)

The inertia of each mode would be ZIn.

The virtual work done by the

th
externally applied air loads acting through the n™" mode shape would be
for the first independent rotor mode

PR T

R
W, =f0“F21(X) 2 (x) + Py, 00+ Y 00 Mel(x) '+ 6,00

- ’FZ (x) 2 (x) + Py () - ¥ _(x) + M (x) - en(x)H dx (3-64)
3 g 3
or
R
- P By = - A d L
W, j)lmsn(x) A, (x) MS_(x) 5 ()] dx (3-65) :
:
|
and for the second independent rotor wodc i
R
W, =\/O‘.Msn(x) C AN ) - M (%) ¢ A (x) ax (3-66)
|
L
i
-
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and the two independent modal equations (one for each mode) would be

R

W ~/‘MS(x) © A (x) - MS(x) + A, (x) dx
€ + 2w €+ W i ol = ! > (3-67)
1 nl n 1 ZIn ZIn

and

R

2 W, ‘jg MS(x) - Az(x) - MS(x) - Aa(x) dx

5 + wn 62 = 31 = T (3-68)
n n

If € and B e indcpendent generalized coordinates, the 61, 62, 63, CA

are localized dependent blade coordinates such that

ko 2 ) by =T 6, = ¢ JIERT L=C

R E
B It then becomes possible to write four dependent equations of ﬁ
; )

NG

2
. & & ¢ = I 1 = /7.
3 i + zgwn ) + w Jj lj j 1, &4 {3-70)

ey S

where Fj is written uas

(3-71) i
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where Wi is the work done by the air loads on blade i, acting through the
input blade mode shape.

For a cyclic blade mode shape for a threc-bladed rotor, Equation (3-71)
would have the foliowing form for a gimbaled rotor:

! 105 R iy
g S S Yy
l !
r 2 o = ! =l = W
g X
2 T 2 2 2
n
F L ] ! W
3 e Z 1 LM (3-72)
and for a teetering hub the cyclic blade mode would be described
Pl | ) W
o e
¥ A : "y (3-73)
For any cyclic mode for any number of bladcs,
HTC(L,}) = cos L¥(i) - ¥(})] (3-74)

which gives the effect of blade 1 on blade j.

The second case will be the collective mode for a tour-bladed gimbaled
rotor, The one independent mode would be

Modc¢ No, Blade 1 Blade 2 Blade 3 Blade 4
1 MS(x) MS(x) MS (x) MS (x)

The forclng function for the Independent cquation would be

3-41
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R
| ‘4: MS(x) - Al(x) + MS(x) Az(x) + MS(x) - A3(x)

=
1

+ MS(x) * A, (x) dx (3-79)
o4
and the equation of motion would be

F
: 1
: 2l : = d
€+ 2w e +u e+ w e, i (3-76)

] Since bl F 02 5 iy 64 = €, il becomes possible to write four dependent

equations as

.
3

Lo+ 2w b +w Sy, =F 3-77
J nQ J n ) ( )

Thus, for a collective mode for a gimbaled rotor,

HTC(i,j) = cos[NB(¥(i) - ¥(j))] (3-79)

where NB is the number of blades.

The third case is that of a scissor mode for a four-bladed gimbaled rotor.
The rotor mode for a scissor mode would be

Mode No. Blade 1 Blade 2 Blade 3 Blade 4

1 L MS (x) ~MS (x) MS (x) -MS (x)
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and the forcing function for the independent rotor modal equation would be

R
Py =(Y/‘ [MS(X) C A () - MS(x) AL (x)

- MS(x)  A(k)  MS(x) - Aa(x)J dx (3-80)

The localized blade coor:dinate would be

Cl =6 = ¢ &, =046, = -¢ (3-81)

The four dependent cquations could be written

5 : 2 F
A = — -
o + zgwnéj + W éj 41n (3-82)
where
o - . _ - = =
rlT 1 1 1 1 W,
F -1 1 -1 1 W
2 1 2
2 m— X B
F 41 1 -1 1 -1 W (3-83)
3 n 3
F -1 1 -1 1 W
e 4-1 - = L 4-
which leads to the conclusion
. » . |
HTC(i,§) = cos {2 (y(1) - ¥(i)} | (3-84)

The only hub type remaining is that where there is no moment carry-over at
the hub, i,e., rigid or articulated. TFor this type rotor, thc response of
blade i is not related dynamically to the loads on blade J. Thereforc, the
Hub Transfer Coefficient matrix would have the following f{orm:

1 for i=j

HTC (1, )= (3-85)

0 for i 7 ]

Equations (3-74), (3-79), (3-84), and (3-85) can be brought together in
the fellowing form:
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cos (i) - () cyclic

cos 2( y(i) - w(j)) scissor heetiaring
LGRS cos  NB (w(i) - w(j)) collective Glimalles (3-86)
1 or O articulated or hingsless

which defines the dynamic effects of blade i on blade j for each mode type.
The actual program has been written to consider up to six mode shapes and
up to seven blades. The HTC matrix is therefore 7 x 7 x 6,

3.2.12 Cyclic Detuning

The rotor blade natural frequencies and mode shapes are a function of the
rotor speed and hub geometric pitch. Previous versions of the digital
program have been structured to accept as input the mode shapes and natural
frequencies at one combination of rotor speed and hub geometric pitch.

This limiting assumption is modified by including the effects of cyclic
detuning in the following manner: The blade natural frequencies and mode

' shapes are calculated at three values of collective pitch (low, mid, high)
¢ and three values of rotor speed (low, mid, high). The mode shapes at the
b mid collective pitch and mid rotor speed are assumed to represent the mode
= shape at all combinations of pitch and rotor speed.

Four values of the natural frequencivs for mode shape are input data. The
four values of w_are obtained from the extreme combinations of rotor speed
and collective pitch (low rotor speed in combination with low collective
pitch and high collective pitch, etc.). The increments on rotor speed and
collective pitch used in calculating the mode shapes and natural frequen-
cles are also required input data,

The previous section (Hub Transfer Coefficient Matrix) has shown that for
each blade, for each input mode shape there is an equation of the form

.“ . 2
5. + 20wd, +w O, =F, (3-87)
J nj noj J

For each blade an instantaneous value of rotor speed and hub geometric
pitch (collective plus cyclic pitch) is known which permits bivariant
interpolation to calculate an instantaneous value of the natural frequency
from the input data,

3,3 AERODYNAMICS

3.3.1 General

The detailed representation of rotor dynamics can be most effective when
used with a similarly refined analysis of aerodynamic effects, Previous
versions of C8l dealt mainly with steady-state aerodynamics, Tip vortex
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effects, lift variation time lag, and radial flow were also included.
AGAJ73 includes the aerodynamic features described in Reference 2, and

in addition, two procedures for evaluating the first-order effects of
unsteady azrodynamics. These features allow the interaction of the blade
rigid body and elastic motions and the aerodynamic forces acting thereon,
which is essential for the study of aeroelastic response phenomena.

The steady, as well as unsteady, aerodynamic model is also improved by
accounting for the effect of the angle between the resultant wind velocity
and the blade leading edge. This angle can bte modified by a sweep angle
built into the blade tip.

Figure 3-15 shows the organization of the rotor aerodynamic analysis and
the possible ccmputational paths.

The rotor aerodynamic analysis is basically the same as discussed in
Reference 2. The relative wind velocity at a point P on the blade, con-
sidered as rigid, is given in Reference 2 as

Vo=V - vt (wyxr ) (3-88)

where

vy is the induced velocity at the point P on the
blade x-axis

-_
Vh i1s the linear velocity of the hub

@, is the angular velocity of the rotating shaft
reference system relative to an inerticl reference system
(see Equation (3-6) in Section 3.2,3)

A

is the distance vector from the hub to point P on the blade _
x-axis, i.e.. the rigid body part of x in Equation (3-5) for p.

Note that the acceleration a_ in Equation (3-15), Section 3.2.5, is the
time derivative of the bracketed expression in Equation (3-88),

3.3.2 Induced Velocity Analysis

The analysis which determines t".e magnitude and direction of ;i assumes
that the vector is always parallel to the centerline of the rotor shaft.
Hence, in the following discussion, the vector notation is dropped and the

quantity vy is the value of the local induced velocity. This quantity is
defined as

3-45



LSRR R R i B i b I S R S bR ke LA i i g o

CALCULATE VELOCITY COMPONENTS AND PITCH
DISPLACEMENT INCLUDING ELASTIC EFHECTS

<
bl

TP SWEEP
MODIFY VELOCITY COMPONENTS AND PITCH
DISPLACEMENTS FOR THE SWEEP ANGLE )

l

CALCULATL  « \. AND M»H

FORMULAY TAVLES

=

STEADY STATE AERODYNAMIC COEFFICIENTS

€T (@mog Mert )/’cos A
Cay * Ca iar Moy)

G, &G ) i -
Jat BUNS UNSAN
Cm * C (@, Mgyt) UNSTEADY ALRODYNAMIC| [UNSTiADY ALRODYNAMIC
LEFECES EHFECTS
AERODYNAMIC FORCES AND PITCHING MOMENT
Al - !ZPCUZC' Ari=sIne i - cosv K,
. P2
A0p - 5 PC0, Cyy A7 - i
. |2 . - .
.}DN “ PCy C“N Ar o cos¢ ), — sk !
Mo Lecifce ar e dxr
Ao weli'c ¢, i
IMUDIFY FOR <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>